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Abstract

A commontrendin the designof large-scaleclusters is to usea high-performancedata networkto integrate the processingnodesin a singleparallel
computer. In thesesystemstheperformanceof the interconnectcanbea limiting factor for the input/output(I/O), which is traditionally bottlenecked by the
diskbandwidth.In thispaperwepresentanexperimentalanalysisona 64-nodeAlphaServerclusterbasedon theQuadricsnetwork(QsNET)of thebehavior
of theinterconnectunderI/O traffic, andtheinfluenceof theplacementof theI/O servers on theoverall performance. Theeffectsof usingdedicatedI/O nodes
or overlappingI/O andcomputationon the I/O nodesare alsoanalyzed.In addition,weevaluatehowbackgroundI/O traffic interfereswith otherparallel
applicationsrunningconcurrently. Our experimentalresultsshowthata correctplacementof theI/O servers canprovideup to 20%increasein theavailable
I/O bandwidth.Moreover, someimportantguidelinesfor applicationsandI/O servers mappingon large-scaleclusters aregiven.

Keywords: InterconnectionNetworks,PerformanceEvaluation,User-level Communication,Input/Output.

1 Intr oduction

Scientificapplicationsthat run on parallelsystemsusuallyrequireinput andoutputof largeamountsof data,thereforethe
I/O performancecanbe a potentialbottleneck.Collective I/O, in which all processescooperateto carry out large-scaleI/O
transactions,hasbeenproposedasawayto improvetheI/O performanceof suchapplications.Sometechniquescurrentlybeing
usedto provide collective I/O facilitiesare: (1) parallelfile systems(HFSfor theHP Exemplar[2], PFSfor theIntel Paragon
[9], PIOFSandGPFSfor the IBM SP[5], XFS for the SGI Origin2000[20], PVFS[3] for Linux clusters),(2) distributed
file systems(NFS [21], GFS[17]) and(3) run-timeI/O libraries(MPI-IO [8]). Most of thesesystemsassumethat the I/O
subsystemis homogeneousandthe messagepassingover the network is fastandscalable.Nevertheless,the behavior of the
interconnectin suchsystemscanbe alsoa performancelimiting factor, althoughthe I/O performanceon massively parallel
processorshasbeentraditionallylimited by diskbandwidth[4].

The efficient integration of the interconnectionnetwork with the I/O is a key factor to efficiently exploit the power of
high-performanceparallelcomputers.InfiniBand [1] is anemerging standardthatprovidesan integratedview of computing,
networkingandstoragetechnologies.TheInfiniBandarchitectureis basedonaswitchinterconnecttechnologywith highspeed
point-to-pointlinks andofferssupportfor Quality of Service(QoS),fault-tolerance,remotedirectmemoryaccess,etc.,andis
likely to becomethebackboneof futurecommodityparallelcomputers,I/O servers,anddatacenters.

The Quadricsinterconnectionnetwork (QsNET)[7] is currentlybeingusedin someof the largestparallelsystemsin the
world, typically connectingCompaqAlpha-basedservers,but increasinglyothercomputeplatformstoo1. TheQsNETprovides
someinnovative designissuesvery similar to thosedefinedby the InfiniBandspecification,which arelikely to appearin the
commoditymarket in the next few years. Someof thesesalientaspectsarethe integrationof the local virtual memoryinto
a distributedvirtual sharedmemory, remotedirectmemoryaccess,thepresenceof a programmableprocessorin thenetwork
interfacethatallows theimplementationof intelligentcommunicationprotocols,andfault-tolerance.�

Thework wassupportedby theU.S.Departmentof Energy throughLosAlamosNationalLaboratorycontractW-7405-ENG-36
1More informationon theQuadricsnetwork canbefoundat http://www.c3.lanl.gov/ ~fabrizio/quadrics.html



In [13] weanalyzedtheQsNETperformanceunderspecificloadconditionsto obtainthe“peakperformance”of thenetwork
and a baselinefor further studies. Sincenot only the efficient supportfor computation-relatedtraffic patternsbut a good
integrationwith the I/O subsystemis a key issueto provide a high-performanceplatform for scientificapplications,in this
paperweaddresstheexperimentalevaluationof thenetworkingandI/O integrationin theQuadricsinterconnect.

For this reason,we presentan analysisof the network behavior underI/O-relatedtraffic patternsand the effect of the
placementof theI/O nodes2 in thecluster. It is shown thattheplacementof theI/O serversgreatlyconditionsthebehavior of
theinterconnect.Moreover theeffect of usingeitherdedicatedI/O nodesor I/O nodesthat run computejobstoo is analyzed.
Theseexperimentsarecomplementedwith anevaluationof the interferencebetweentheI/O traffic andothersimultaneously
runningapplications.

Thetestbedfor thenetwork evaluationwasa64-nodeQsNET-basedAlphaServerES40cluster. Theperformanceeffectsin
thenetwork areexplainedin termsof hardwareparameters,flow controlandcongestionresolution.Theresultsof theanalysis
in this work provide a completecharacterizationof the interconnectwhenrouting I/O traffic andhave powerful anddirect
practicalimplications,for examplerelatedto the I/O nodemappingandapplicationdistribution. The studyof the hardware
andsoftwareprimitivesusedto implementmulticastcommunicationandthe impactof thenetwork performanceon theuser
applicationsareoutsidethescopeof thepaperandcanbefoundin [12] and[10], respectively.

In the next sectionwe summarizethe main characteristicsof the network. In Section3 the experimentalmethodologyis
described,while theperformanceresultsarepresentedanddiscussedin Section4. Finally, someconcludingremarksaredrawn
in Section5.

2 The QsNET

TheQsNETis basedon two building blocks,a programmablenetwork interfacecalledElan [18] anda low-latency high-
bandwidthcommunicationswitchcalledElite [19]. Thenetwork hasseveral layersof communicationlibrarieswhich provide
trade-offs betweenperformanceandeaseof use.

2.1 Elan

Theinternalfunctionalstructureof theElan3 centersaroundtwo primaryprocessingengines:themicrocodeprocessorand
thethreadprocessor.

The 32-bit microcodeprocessorsupportsfour separatethreadsof execution,whereeachthreadcan independentlyissue
pipelinedmemoryrequeststo thememorysystem.Up to eightrequestscanbeoutstandingat any giventime. Thescheduling
for the microcodeprocessoris lightweight, enablinga threadto wake up, schedulea new memoryaccesson the resultof a
previousmemoryaccess,andthengobackto sleepin asfew astwo system-clockcycles.

Thefour microcodethreadsaredescribedbelow: (1) inputterthread:Handlesinputtransactionsfrom thenetwork. (2) DMA
thread: GeneratesDMA packetsto bewritten to thenetwork, prioritizesoutstandingDMAs, andtime-sliceslargeDMAs so
that small DMAs are not adverselyblocked. (3) processor-schedulingthread: Prioritizesandcontrolsthe schedulingand
deschedulingof the threadprocessor. (4) command-processorthread: Handlesoperationsrequestedby thehostprocessorat
userlevel.

Thethreadprocessoris a 32-bitRISCprocessorusedto aid theimplementationof higher-level messaginglibrarieswithout
explicit interventionfrom themainCPU.In orderto bettersupportsuchanimplementation,thethreadprocessor’s instruction
setwasaugmentedwith extra instructionsthatconstructnetwork packets,manipulateevents,efficiently schedulethreads,and
block-saveandrestorea thread’sstatewhenscheduling.

The Elan containsrouting tablesthat translateevery virtual processnumberinto a sequenceof tagsthat determinethe
network route. Several routing tablescanbe loadedin order to have differentrouting strategies. Eachlink providesbuffer
spacefor two virtual channelswith a 128-entry, 16-bit FIFORAM for flow control.

2.2 Elite

The otherbuilding block of the QsNETis the Elite switch. The Elite providesthe following features:(1) 8 bidirectional
links supportingtwo virtual channelsin eachdirection,(2) aninternal ���	��
 full crossbarswitch4, (3) anominaltransmission
bandwidthof 400MB/s on eachlink directionanda flow throughlatency of �� ns, (4) packet error detectionandrecovery,

2I/O nodeandI/O server will beusedinterchangeablythroughthepaper.
3This paperrefersto theElan3versionof theElan.Wewill useElanandElan3interchangeablythroughoutthepaper.
4Thecrossbarhastwo inputportsfor eachinput link, to accommodatethetwo virtual channels.



Figure 1. � -ary fat-tree of dimension 3

with routinganddatatransactionsCRCprotected,(5) two priority levelscombinedwith anagingmechanismto ensurea fair
deliveryof packetsin thesamepriority level, (6) hardwaresupportfor broadcasts,(7) andadaptiverouting.

The Elite switchesare interconnectedin a quaternaryfat-treetopology[11], which belongsto the moregeneralclassof
the � -ary � -trees[15] [14]. A quaternaryfat-treeof dimension� is composedof ��� processingnodesand � � ������� switches
interconnectedasa deltanetwork, andcanbe recursively built by connecting4 quaternaryfat treesof dimension����� . A
quaternaryfat treeof dimension3 is shown in Figure1.

2.2.1 Packet Routing and Flow Control

Eachuser- andsystem-level messageis chunked in a sequenceof packetsby the Elan. An Elan packet containsthreemain
components.Thepacketstartswith the(1) routinginformation,thatdetermineshow thepacketwill reachthedestination.This
informationis followedby (2) oneor moretransactionsconsistingof someheaderinformation,a remotememoryaddress,the
context identifieranda chunkof data,which canbeup to 64 bytesin thecurrentimplementation.Thepacket is terminatedby
(3) anendof packet (EOP)token.

Transactionsfall into two categories:write block transactionsandnon-writeblock transactions.
Thepurposeof a write block transactionis to write a block of datafrom thesourcenodeto thedestinationnode,usingthe

destinationaddresscontainedin thetransactionimmediatelybeforethedata.A DMA operationis implementedasa sequence
of write block transactions,partitionedinto oneor morepackets(a packet normallycontains5 write block transactionsof 64
byteseach,for a total of 320bytesof datapayloadperpacket).

Thenon-writeblocktransactionsimplementa family of relatively low level communicationandsynchronizationprimitives.
For example,non-writeblock transactionscanatomicallyperformremotetest-and-writeor fetch-and-addandreturntheresult
of theremoteoperationto thesource,andcanbeusedasbuilding blocksfor moresophisticateddistributedalgorithms.

Elite networks aresourcerouted. The routing information is attachedto the headerbeforeinjecting the packet into the
network andis composedby asequenceof Elite link tags.As thepacketmovesinsidethenetwork, eachElite removesthefirst
routing tag from theheader, andforwardsthepacket to thenext Elite in the routeor to thefinal destination.The routing tag
canidentify eithera singleoutputlink or a groupof adjacentlinks.

The transmissionof eachpacket is pipelinedinto the network usingwormholeflow control. At link level, eachpacket is
partitionedin smallerunitscalledflits (flow controldigits) [6] of 16 bits. Theheaderflit opensa circuit betweensourceand
destination,andthis pathstaysin placeuntil thedestinationsendsanacknowledgmentto thesource.

Minimal routing betweenany pair nodescan be accomplishedby sendingthe messageto one of the nearestcommon
ancestorsandfrom thereto thedestination.That is, eachpacket experiencestwo routingphases,anadaptiveascendingphase
to getto a nearestcommonancestor, followedby a deterministicdescendingphase.TheElite switchescanadaptively routea
packetpicking theleastloadedlink.

3 Experimental Framework

Wetestedthemainfeaturesof theQsNETona64-nodeclusterof CompaqAlphaServerES40s,runningTrue64Unix. Each
AlphaServer nodeis equippedwith 4 Alpha 667MHz 21264processors,8 GB of SDRAM andtwo 64-bit, 33MHz PCI I/O
buses.TheElan3QM-400cardis attachedto oneof thesebusesandlinks theSMPto aquaternaryfat treeof dimensionthree,
astheoneshown in Figure1.



Unlessotherwisestated,thecommunicationbuffersareallocatedin Elanmemoryin orderto isolateI/O bus-relatedperfor-
mancelimitations,exceptfor theping tests,whosegoal is to provide basicperformanceresultsthatarea referencepoint for
thefollowing experiments.

3.1 Unidir ectionalPing

Weanalyzethelatency andbandwidthof thenetwork by sendingmessagesof increasingsizes.In orderto identify different
bottlenecks,thecommunicationbuffersareplacedeitherin mainor in Elanmemory, usingtheallocationmechanismsprovided
by thelowestlevel Elanprogramminglibrary, Elan3lib.

At Elan3lib level the latency is measuredas the elapsedtime betweenthe postingof the remoteDMA requestand the
notification of the successfulcompletionat the destination. The unidirectionalping testsfor MPI are implementedusing
matchingpairsof blockingsendsandreceives.

3.2 Bidir ectional Ping

Theunidirectionalping experimentscanbe consideredasthe “peakperformance”of thenetwork. By sendingpacketsin
bothdirectionsalongthesamenetwork pathwecanexposeseveraltypesof bottlenecks.

For example,theElanmicrocodeinterleavesfour activities,DMA engine,inputter, commandprocessorandthreadproces-
sor. This testcanevaluatehow theDMA engineandthe inputtercanwork with bidirectionaltraffic. Also the link-level flow
controlrequiresthetransmissionof control information,which canleadto a degradationof theunidirectionalperformancein
thepresenceof bidirectionaltraffic. Bidirectionaltraffic is typically generatedby permutationpatternsin which anodeis both
sourceanddestination.

3.3 Hot-spot

Underhot-spottraffic, a setof communicationpartnerstry to readfrom or write into the samememoryblock. This ex-
perimentmodelsthe behavior of a singleI/O server beingaccessedby multiple clientsandprovidesbasicresultsfor better
understandingthe network. This localizedcommunicationpatterncan lead to a severe form of congestionknown as tree
saturation [16], which canseriouslydegradetheoverallperformanceof theinterconnect.

3.4 Multiple Hot-spots

Thenetwork traffic generatedby aparalleljob thatis performinginput/outputcanbemodeledwith acollectionof hot-spots,
whereeachhot-spotis a nodethatactsasanI/O server5 andis thetargetof multiple messagesoriginatedby theothernodes.
Thistesthasbeendesignedto analyzethebehavior of thenetwork whenoneparalleljob is performingtransactionsoverseveral
hotnodes.We addressfivedistinctperformancedimensions.

1. I/O read/writeratio: theratiobetweenI/O readsandwritesis anumberbetween0 and1, with 0 beingall readsand1 all
writes.

2. The inter-arrival time betweentwo I/O messagesissuedby a client nodecanbe eitheruniformly or exponentiallydis-
tributed.

3. I/O traffic: thisparameterdefinestheaccesspatternto theI/O nodes.Two patternshavebeenanalyzed:

(a) uniform I/O, eachnodeperformingI/O randomlyselectsits destinationfor every transactionand

(b) fixedI/O, eachnodeusesa fixeddestinationfor all its transactions.

4. I/O nodemapping(hot-nodemapping): this parameterdefinesthe placementof the I/O nodesin the cluster. Two
alternativeshavebeentested:

(a) clustered,I/O nodeslocatedin consecutivenodesat thehighernodeslocationsand

(b) distributed,I/O nodesuniformly distributedthroughthecluster.

5. Applicationmapping:defineswhethertheapplicationperformingI/O runson theI/O nodes(all nodesmapping)or not
(non-I/Onodesmapping).
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Figure 2. I/O and Application Mappings with 64 nodes and 8 I/O nodes. The arrows highlight the nodes
that inject I/O traffic into the netw ork.

Figure2 describesthetypesof I/O andapplicationmappingsusedin theexperimentswith a configurationof 64 nodes.In
theclusteredmapping,8 I/O nodesareplacedin theupperpartof thenetwork (thedarkones),while theremaining56 nodes
arededicatedto computation.For this typeof I/O mapping,we considertwo typesof applicationmappings.In the“All Nodes
Mapping” all 64 nodesgenerateI/O traffic. In this case,theI/O nodesarebothsourceanddestinationof theI/O traffic. In the
“Non I/O NodesMapping”, only thefirst 56 nodesinject I/O traffic into thenetwork. TheI/O nodesareonly sinksof theI/O
traffic, asoutlinedby thearrow below thefirst row.

With distributedI/O mapping,shown in thesecondrow of Figure2, theI/O nodesarescatteredwith a strideof 8 over all
thenodes.In this casewe have anI/O nodeevery 8 nodes.As in theclusteredapproach,we distinguishthetwo caseswhere
theI/O nodesdoanddo not injectmessagesinto thenetwork.

3.5 Combined Traffic

With this benchmarkwe studyhow a paralleljob thatis executingI/O traffic canaffect thecommunicationperformanceof
anotherparalleljob thatis runningconcurrently. Weperformthetestsby runningtwo paralleljobsin thecluster, eachoneusing
half of the availablenodes.The I/O job generatestraffic asdescribedin Section3.4, while the computejob injectsuniform
traffic. We analyzetheCartesianproductof severalperformancedimensions,which areoutlinedin Figure3. In particular,

1. I/O nodemapping:we considerclustered(theupperrow of Figure3) anddistributedmapping(thelower row of Figure
3).

2. Application mapping: the two applicationsrunning in this testusehalf of the availablenodeswith two differentap-
proaches.If “All NodesMapping” is usedeachapplicationis mappedto 32 nodes(evenif it overlapswith I/O servers).
On theotherhand,with “Non-I/O NodesMapping” theI/O nodesarededicatedserversandeachapplicationis mapped
to 28 nodes.Whenwe have theall nodesmappingwith theclusteredI/O, we candistinguishtwo furthercases.Thejob
performingI/O is mappedontotheI/O nodes.As shown in theupperrow of Figure3, this impliesthatthecomputejob
is mappedonthefirst half of thenetwork while theI/O job is mappedonthesecondhalf. And thesymmetriccase,where
thecomputejob is mappedontotheI/O nodes.

3. I/O load: theI/O job caninjectmessagesinto thenetwork with increasingload.

4 Experimental Results

4.1 Unidir ectionalPing

Figure4 a) shows the performanceof the unidirectionalping. The peakbandwidthof 335 MB/s is reachedwhenboth
sourceanddestinationbuffersareplacedin theElanmemory. Themaximumamountof datapayloadthatcanbesentby the

5For this reasonin therestof thepapermultiplehot-spotsandI/O traffic areusedinterchangeably.
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Figure 4. Unidirectional Ping

currentElanimplementationin apacket is 320bytes,partitionedin five low-level write-blocktransactionsof 64bytes.For this
packet format,theoverheadis 58 bytes,for themessageheader, CRCs,routinginfo, etc. This implies that thedeliveredpeak
bandwidthis approximately396MB/s, or 99%of thenominalbandwidth(400MB/s).

But theasymptoticbandwidthfor mainmemoryto mainmemorycommunicationis only 200MB/s for bothElan3lib(lowest
level programminglibrary) andMPI. Theseresultsshow thatthePCI interfacerunningat33MHzis thebottleneckfor this type
of communication.

Figure4 b) shows thelatency in therange � ��������������� . With Elan3libthebasiclatency for 0-bytemessagesis only ������� s
andis almostconstantat ��� ��� s for messagesup to ��� bytes. We notean increasein the latency at MPI level, comparedto
the latency at theElan3lib level, from approximately��� s to �� �� s. While at Elan3lib level the latency is mostlyhardware,
MPI needsto run a threadin theElanmicroprocessorin orderto matchthemessagetags: this introducestheextra overhead
responsiblefor thehigherlatency.

4.2 Bidir ectional Ping

Figure 5 a) shows how the bidirectionalbandwidthis degradedby the PCI bus. When the communicationbuffers are
in Elan memory, the asymptoticbandwidthis 280 MB/sec, a slight performancedegradationfrom the 335 MB/sec of the
unidirectionalping. With mainmemoryto mainmemorycommunicationthebandwidthdropsto 80 MB/sec,a performance
degradationcausedby thePCI busof theAlphaserver6 , thatis not ableto efficiently interleave thebidirectionaltraffic. Given
this substantiallimitation, in thefollowing experimentswe will placethecommunicationbuffersin Elanmemory, in orderto

6OtherPCI busesrunningat 66Mhzratherthanat 33 Mhz, for examplethosebasedon theServerworks HE chipsets,don’t suffer from theselimitations
andcanprovidealmostthesamecommunicationperformancewhenthebuffersareplacedin mainor in Elanmemory[13].
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Figure 6. Write Hot-spot

injectmessagesinto thenetwork at full speed.

4.3 Hot-spot

In this experimentwe attemptto write into thesamememorylocationon node0 from anincreasingnumberof processors
(one per SMP). This test provides information on the behavior of a single I/O nodewhen servingmultiple simultaneous
requests.Previous results[13] have shown that readandwrite operationsprovide no significantdifferences.The aggregate
bandwidthplotsaredepictedin Figure6 a) for � MByte messages,usinguniform andexponentialtime (T tag)andmessage
size(S tag)distributions.

Thecurvesareapproximatelyflat up to 32 nodes,reaching337MB/s, while an8% decreaseis observedfor 64 nodes.This
is dueto theextracontentionexperiencedin thethird level of switches(Figure1 c)) andto thelongerdelaysneededto releasea
circuit whentherearemorethan40communicationpartners.Figure6 b) shows thedistributionof thedeliveredbandwidthper
nodeon a 64-nodeconfiguration,andprovidesmoreinsight into this problem.It canbeseenthat thenodesaredistributedin
threebandwidthgroups:nodesfrom 0 to 3 getapproximately8 MB/s, nodes4 to 15getapproximately4.8MB/s andnodes16
to 63 getaround4.3MB/s. This unevendistribution of bandwidthis dueto thevariousareasof contentionthata givenpacket
cantraverse.Consideringthat0 is the hot node,packetssentfrom nodes1 to 3 have a singlecontentionpoint in the switch
they aredirectly connected.Packetssentfrom nodes4 to 15 have two potentialcontentionpoints,onein thesecondlevel of
switchesandtheotherin thedestinationswitch. Finally, packetssentfrom nodes16 to 63 traversethreecontentionstagesin
thethreelevelsof switches.
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4.4 Multiple Hot-spots

This testis designedto analyzethebehavior of thenetwork whenoneparallelapplicationis performingtransactionsover
severalI/O nodes,asdescribedin Section3.4.

Theexperimentsareperformedon a 64-nodeconfigurationwith 8 hot-spots,asshown in Figure2. Theaveragemessage
sizeis 1 MB (exponentiallydistributed),with inter-arrival timesuniformly andexponentiallydistributed. The resultsshow
very little sensitivity to thefractionof read/writerequests,sowewill omit therelatedexperiments.Figures7 and8 displaythe
acceptedloadof theI/O nodesversustheofferedloadfor uniformandfixedtraffic, respectively. In eachfigurethereis agraph
for theclusteredI/O mapping(subfigurea)) anda graphfor thedistributedI/O mapping(subfigureb)). Eachgraphdisplays
curvesfor thetwo applicationmappingspresentedin Section3.4 (all nodesandnon-I/Onodes).Theasymptoticbandwidths
aresummarizedin Table1 for themostsignificantperformancedimensions,I/O traffic andI/O mapping.

Theresultsshow thata fixeddestinationpattern(Figure8) alwaysprovidesbetterperformancethana randomselectionof
destinations(Figure7).

TheI/O mappinghasasignificanteffectonperformancetoo. Betterresultsarealwaysobtainedwith distributedI/O (Figures
7 b) and8 b)). This is dueto thefactthat thedistribution of I/O nodesthroughtheclusterevenly spreadsthetraffic acrossthe
network, while with theclusteredmappingwegeneratea largehot-spotononesideof thenetwork. It is worthnotingthatwith
distributedmappingeachI/O nodeis connectedto a distinct switch,while with clusteredI/O four I/O nodessharethe same
switch.Thus,theadjacentallocationof I/O nodesworsensthecontentionin thenetwork.

The applicationmappinghasno significanteffect whenusingdistributedI/O (Figures7 b) and8 b)) anda small effect
with clusteredI/O (Figures7 a) and8 a)). In thelattercase,theI/O nodesdeliver slightly higherasymptoticbandwidthwhen
all-nodesmappingis used(between15 and20MB/s), eitherwith fixedor uniform traffic.

4.5 Combined Traffic

With this benchmarkwe studyhow a paralleljob thatis executingI/O traffic canaffect thecommunicationperformanceof
anotherparalleljob thatis runningconcurrently.

TheI/O job generatesuniformtraffic, shown to producehighnetwork contention(Section4.4),with exponentialdistribution
of theinter-arrival timesandmessagesof 1 MB. We considerthreeI/O loads,with increasingintensity, whichareexpressedas
fractionof theasymptoticload thatcanbe injectedinto thenetwork by a node(0.1,0.3 and0.5). Theotherparalleljob uses
uniform traffic and256KB messages.
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Figure 8. Multiple Hot-spots with Fixed Traffic

With clusteredI/O, we distinguishtwo cases:the I/O job overlapswith the I/O nodes,andthesymmetriccasewherethe
computejob overlapswith the I/O nodes(Section3.5). In thegraphswe usethe label1c7 to indicatethefirst caseand1i to
indicatethesecondcase.

The graphsin Figure9 show the acceptedbandwidthof the computejob. Consideringthe type of traffic (uniform) and
themessagesize,theoptimalasymptoticbandwidthof thecomputejob is about130MB/sec. Any performancedegradation
indicatesthatthebackgroundI/O traffic interfereswith thecomputejob. Figures9 a),c) ande)considertheall nodesmapping,
wheretheparalleljobsarealsomappedonto the I/O nodes.In Figures9 b), d) andf) we canseetheresultsfor the non-I/O
nodesmapping.We canclearlyseethat:

1. Whenthe jobsdo not run on theI/O nodes(theapplicationmappingis non-I/Onodes)thereis no interference.This is
a very powerful resultthatshows thatany job mappingandI/O mappingwill performwell, aslong astheprocessesof
bothjobsdonot run on theI/O nodes.

2. This basicresultis extendedto anothercase.Whenthecomputejob is not mappedontotheI/O nodes(clustered1c, the
I/O job overlapstheI/O nodes),thereis no interference.

3. Whena fractionof thecomputejob is mappedontotheI/O nodes(clustered1i, thecomputejob overlapstheI/O nodes)
thereis a substantialperformancedegradation,up to 40%,with any I/O load.

4. With distributedmappingtheperformanceis sensitive to theI/O load.ThehigherthebackgroundI/O loadthelower the
acceptedbandwidth.

Figure10summarizestheanalysisof theresultsandhighlightstheperformanceregionswherethecomputationaljob is affected
by thebackgroundI/O traffic.

5 Conclusions

In this paperwe presentedan extensive performanceevaluationof several typesof I/O traffic on a 64-nodeAlphaserver
clusterinterconnectedin a fat-treetopologyby theQuadricsnetwork. This analysiscanprove particularlyusefulfor system
andnetwork designersandusersof high-performanceparallelclusters.

We first considereda singleparallel job performingI/O andmodeledthe I/O traffic with a singlehot-spot,representing
a singleI/O server, andmultiple hot-spots,representinggroupsof I/O servers. The experimentalresultsprovided insighton
several importantopenproblems.We have shown that it is moreefficient to distributetheI/O serversratherthanclusterthem
in a singlesegmentof thenetwork, with a bandwidthincreaseof about20%. Also, theperformanceis insensitive to boththe
fractionof I/O readsandwritesandto themappingof theparalleljob, whoseprocessescanberun on the I/O nodeswithout
any noticeableperformancedegradation.

7A shortcutto indicatethatthecomputejob is allocatedon thefirst half of themachineandtheI/O job on thesecondhalf, with theI/O nodesclusteredin
thelastsegmentof thenetwork.
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Figure 9. Combined Traffic.
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Figure 10. Anal ysis of the experimental results with combined traffic

We thenanalyzedhow a job performingI/O canaffect thecommunicationperformanceof anotherjob. Multiple jobscan
berunconcurrentlywithout interference,aslongasthesejobsarenot mappedon theI/O nodes.This is a powerful result,that
givesa high degreeof freedomwhenmappingmultiple jobs. On theotherhand,theI/O job caninterferewith a computejob
whensomeprocessesof thecomputejob aremappedon theI/O nodes.
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